Abstract Articular cartilage (AC), situated in diarthrodial joints at the end of the long bones, is composed of a single cell type (chondrocytes) embedded in dense extracellular matrix comprised of collagens and proteoglycans. AC is avascular and alymphatic and is not innervated. At first glance, such a seemingly simple tissue appears to be an easy target for the rapidly developing field of tissue engineering. However, cartilage engineering has proven to be very challenging. We focus on time-dependent processes associated with the development of native cartilage starting from stem cells, and the modalities for utilizing these processes for tissue engineering of articular cartilage.
Introduction
The high incidence of cartilage damage and disease has prompted considerable research into the development of cartilage replacement substitutes. Initially, the cells of choice for cartilage tissue engineering are autologous chondrocytes, periosteocytes and perichondrocytes [1] [2] [3] [4] . These cells can be isolated from the less weight-bearing areas of the joint, amplified in vitro, and seeded into a scaffold to form cartilage that can be implanted back into the joint without compromising the patient's immune system. However, there are several obstacles to such a scenario. Adult chondrocytes undergo dedifferentiation into fibroblast-like cells when grown in monolayer cultures [5, 6] , exert slow rates of in vitro propagation [7] , and gradually lose their ability to produce cartilaginous matrix [8] . Attempts to induce re-differentiation of cultured chondrocytes include culture in 3D settings and delivery of chondrogenic genes [9, 10] . The use of stem cells, which can potentially differentiate into chondrocytes under appropriate conditions, is now explored as a promising alternative. However, under currently used differentiation protocols, stem cells are unable to fully differentiate into functional mature chondrocytes [11] , leading to the formation of cartilaginous tissue with subnormal biochemical and mechanical properties [12] . We discuss the strategies associated with directing stem cells to form functional cartilage tissue in vitro and in vivo with special focus on the time-dependent aspects of this process.
The field of cartilage tissue engineering initially-and somewhat prematurely-focused on developing biological substitutes to replace articular cartilage (AC), instead of basic research towards more fundamental understanding of the processes that occur in the development of normal AC [13] . More recently, the field of tissue engineering has shifted toward a new concept of "in vitro biomimetics of in vivo tissue development" [14, 15] . The newly emerging methodology for utilizing the concepts of developmental biology as a basis for designing tissue engineering systems has also been called "developmental engineering" to emphasize that it is not the tissue but the process of in vitro tissue development that has to be engineered [15] . Understanding the temporal changes in the levels of transcription and growth factors and in the cell morphology and extracellular matrix (ECM) composition would lead to more controlled strategies to direct the engineering of functional AC from stem cells.
Stages in the Development of Native Cartilage
Growing cartilage is found in two locations at each end of a developing long bone: the growth plate and the articularepiphyseal growth cartilage [16] . First, we describe the chondrogenic component of endochondral ossification in developing bones [17] . Then, we focus on the articularepiphyseal cartilage which forms AC within the synovial joints.
Chondrogenesis in Endochondral Ossification
Stage I-Precartilage Condensation Native AC and long bones are formed by endochondral ossification [18] . This process begins from the lateral growth plate [19] containing skeletogenic mesenchymal stem cells (MSCs) that secrete an extracellular matrix (ECM) rich in hyaluronan and collagen type I [20] (Fig. 1) . MSCs move toward the center of the limb [21] and begin to aggregate, causing an increase in cell packing density [20] . At that stage, MSCs stop proliferating and expressing collagen I, and begin expressing N-cadherin, tenascin-C, neural cell adhesion molecule (N-CAM) and other adhesion molecules that allow them to aggregate [21] . Formation of tight aggregates marks the start of the process called precartilage condensation that entails aggregation of MSCs and an increase in hyaluronidase activity. The resulting decrease in hyaluronan in the ECM decreases cell movement and allows for close cellcell interactions [22] .
This establishment of cell-cell interactions is likely involved in triggering signal transduction pathways that initiate chondrogenic differentiation, such as homeobox (Hox) transcription factors encoded by the HoxA and HoxD gene clusters [21] .
Mesenchymal condensation is also affected by small proteoglycans such as versican and perlecan. Versican (ECM) proteins that distinguish the different stages are indicated below by the gradients of expression. Darker zones in the gradients correlate to higher levels of expression enhances mesenchymal condensation [23, 24] , and can bind to molecules present in the ECM of precartilage micromass [24] . Similarly, perlecan is present in the very early stages of chondrogenesis (day 12.5 of gestation) during mouse embryo development, and is capable of inducing cell aggregation, condensation, and chondrogenic differentiation in vitro [25] . Perlecan binds to other ECM molecules, as well as to the growth factors, such as fibroblast growth factors (FGFs) and bone morphogenetic proteins (BMPs) [26] . FGF-9 is expressed within condensing mesenchyme early in development [27] . BMP-2, -4, and −7 coordinate in regulating the patterning of limb elements within the condensations depending upon the temporal and spatial expression of BMP receptors and antagonists, such as noggin and chordin [28] . Other extracellular adaptor proteins detected in the early stages of chondrogenesis are matrilins, which support matrix assembly. In mouse, matrilin-1 and −3 are expressed in restricted temporal and spatial patterns [29, 30] .
An interesting computational modeling study emphasized the role of temporal control in condensation during chondrogenesis [31] . The formation of spatial "spot-stripe" patterns detected during precartilage condensation was sensitive to the period of time that cells were exposed to generic activator morphogen and to the threshold level for cell differentiation. If the exposure time was too short, small condensations were produced. If the exposure was too long, irregularly shaped condensations were formed. Although the stable activator peaks were generated during the condensation process, those peaks tended to wander in space and time.
Mesenchymal cell condensation, or precartilage condensation, is regarded as the major event of the MSC commitment to the chondrogenic lineage, after which tissue-specific transcription factors and structural proteins begin to accumulate [32] . In vitro studies have indicated that transforming growth factor-β (TGFβ) and Wnt/β-catenin signaling govern this process [33] . It is speculated that TGFβ acts via stimulation of fibronectin synthesis [34] that is necessary for stabilization of mesenchymal-endothelial junctions [35] . Furthermore, in vivo studies have confirmed that Sox9 is the first transcription factor that is essential for chondrocyte differentiation and cartilage formation [36, 37] (Fig. 1) .
Stage II-Determination and Early Differentiation The next step in the process of chondrogenesis is MSC determination to the chondroprogenitor stage (Fig. 1) . Cells at the center of precartilaginous condensation stop expressing adhesion molecules, resume proliferation and initiate production of ECM [21] , undergoing early chondrogenic differentiation. The regions of determination and early differentiation spread rapidly from the center of the micromass to the periphery, while the peripheral MSCs form perichondrium. The perichondral cells express patterning factors and also give rise to new chondrocytes [21] . Expression of FGF-2, FGF-5, FGF-6 and FGF-7 has been observed in this perichondral mesenchyme surrounding the condensation [38] . FGF-18 has been shown to regulate early chondrocyte differentiation but is also detected at later stages regulating hypertrophy [39] . Tight spatiotemporal coordination of these actions is controlled by the interplay of various factors, such as the Sox genes trio (Sox 9, 5, 6), sonic hedgehog (Shh), bone morphogenetic protein (BMP), FGFs and TGFβ signaling [40] (Fig. 1) .
The Sox trio, comprised of high-mobility-group (HMG) domain transcription factor Sox9 and accessory transcription factors Sox5 and Sox6, controls early chondrogenic differentiation [41, 42] . The Sox trio also maintains the chondrocyte phenotype at later stages and directly regulates expression of ECM molecules, such as collagen (mainly types II, IX, X, XI) and proteoglycans (aggrecan, decorin, annexin II, V and VI). Sox genes and BMP signaling are tightly coupled functionally [43] . It has also been suggested that Shh and FGF participate in cooperative activation of Sox9 expression [44] . Shh signaling is mediated by the Shh receptor Patched (Ptc1), which activates another transmembrane protein Smoothened (Smo) and inhibits processing of the Gli3 transcription factor to a transcriptional repressor [45] .
Stage III-Full Differentiation Further steps lead to the formation of cartilage primordia and are influenced by patterning factors such as tenascins, thrombospondins and cartilage oligomeric matrix protein (COMP) [46] . Fibronectin production decreases, while collagen II, IX and XI production increase at this stage [20] (Fig. 1) .
Wnt signals act in concert with FGF, Shh and BMP pathways to coordinate patterning along the dorso-ventral and antero-posterior axes [47] . Wnt signals are among the earliest signals required to induce production of FGFs, which act in positive feedback loops [48, 49] . For example, FGF-10 induces Wnt3a, which acts via β-catenin to increase FGF-8, which then maintains FGF-10 expression [50] . Among the 22 FGFs identified thus far [51] , only a few have known temporal patterns. Furthermore, the physiologic ligands that activate FGF receptors (FGFRs) during chondrogenesis have been difficult to identify. It is important to investigate the expression of not only the FGF types that are ligands for FGFRs, but the temporal and spatial location of the FGFRs themselves. For example, in embryonic cartilage development, three types of fibroblast growth factor receptors (FGFRs 1-3) are expressed in a stage-dependent pattern and play a significant role in chondrogenic differentiation. FGFR2 is clearly expressed by cells in the condensation phase whereas FGFR3 is expressed during differentiation and FGFR1 during hypertrophy [52] (Fig. 1 inset) .
The patterning factors Wnt, Shh, BMP, and FGF function sequentially [53] . In fact, throughout chondrogenesis, the balance between BMP and FGF signaling determines the rate of proliferation, adjusting in this way the speed and pace of differentiation [54] . BMPs initiate chondroprogenitor cell determination and differentiation, but also regulate the later stages of chondrocyte maturation and terminal differentiation to the hypertrophic phenotype [19] . In vitro and in vivo studies have shown that BMP signaling is required both for the formation of precartilaginous condensations and for the differentiation of precursors into chondrocytes [55] . Long after condensation, BMP-2, -3, -4, -5, and −7 are expressed primarily in the perichondrium and only BMP-7 is expressed in the proliferating chondrocytes [54] .
Another important stimulator of chondrocyte proliferation in the growth plate is the growth hormone (GH) [56] . GH exerts its effects on the growth plate predominantly through stimulation of secretion of insulin-like growth factor-1 (IGF1), both by liver cells and by growth plate chondrocytes [57] . IGF-1 increases proliferation of differentiating chondrocytes [58] , and also increases hypertrophic cell size at later stages [59] . IGF-1 is produced by chondrocytes and stored within the extracellular matrix of cartilage, probably bound to proteoglycans, particularly to syndecans and IGF-1 binding proteins [60] . Additional ECM components at this stage include aggrecan, which is upregulated during differentiation, and tenascin, which is reduced [32] . The adhesion molecules N-cadherin and N-CAM disappear in differentiating chondrocytes and are detectable only in perichondral cells [19, 61] (Fig. 1) .
During embryonic chondrogenesis, perichondrial cells and early proliferative chondrocytes secrete parathyroid hormone-related peptide (PTHrP), which acts on the same receptor used by parathyroid hormone (PTH). The PTH/ PTHrP receptors (PPRs) are expressed at low levels by proliferating chondrocytes and at high levels by prehypertrophic chondrocytes. PTHrP acts primarily to keep proliferating chondrocytes in the proliferative pool by delaying chondrocyte transformation into prehypertrophic and hypertrophic chondrocytes [62] . PTHrP is engaged in a negative-feedback loop with Indian hedgehog (Ihh). PTHrP is secreted in abundance, inhibiting the production of Ihh. Towards the end of stage III, the cartilage primordia become elongated masses of cartilage tissue. Signaling between the perichondrium and already differentiated chondrocytes in the center initiates chondrocyte maturation in order to prepare a site of ossification. These chondrocytes undergo several turns of fast proliferation, and then arrest in their cell cycle.
Stage IV-Hypertrophy The post-mitotic chondrocytes from the end of stage III change their morphology, alter their gene expression, and remodel their extracellular matrix to become hypertrophic chondrocytes [32] (Fig. 1) . In fact, there is a whole series of maturation steps during differentiation of committed chondrocytes to prehypertrophic, hypertrophic and matrix-mineralizing terminal chondrocytes [62] . The cells undergoing hypertrophy increase in size and begin to produce a calcified matrix rich in type X collagen [56] and alkaline phosphatase (AP) [63] , in contrast to proliferating and articular chondrocytes that synthesize mostly type II collagen. Hypertrophic chondrocytes express an array of terminal differentiation genes, including matrix metalloproteinase-13 (MMP-13) and Runx2 and 3 that influence mineralization [64] . BMP-6 is found exclusively in hypertrophic chondrocytes while BMP-2 and BMP-7 can be found in pre-hypertrophic cells as well [19, 54] . The Sox9 gene turns off in hypertrophic chondrocytes [65] , whereas the VEGF turns on in the growth plate immediately before vascular invasion [66] , another example of the defined temporal gradients of factors in cartilage development. The terminally differentiated hypertrophic chondrocytes then undergo apoptosis [19, 62] . Aggrecan expression, which started increasing during differentiation, continues during hypertrophy [32] . After a reduction during precartilage condensation, hyaluronan is again expressed after determination of chondroprogenitors and full differentiation and is maintained through hypertrophy [20] .
Chondrocyte maturation is driven from pre-hypertrophy to terminal hypertrophy by Ihh and PTHrP signaling [67] . Ihh is synthesized by chondrocytes leaving the proliferative pool (pre-hypertrophic chondrocytes) and by early hypertrophic chondrocytes. Ihh binds to its receptor Ptc-1 and exerts its actions including coordination of chondrocyte proliferation and chondrocyte and osteoblast differentiation [68] . When proliferation is complete, Ihh stimulates the production of PTHrP [62] . In fact, the PTHrP/Ihh system undergoes major structural and functional changes in the postnatal growth plate. The hypothesis is that the embryonic Ihh-PTHrP feedback loop is maintained in the postnatal growth plate but that the source of PTHrP shifts to a more proximal location in the resting, superficial zone [69] . Obviously, PTHrP and Ihh release must be closely coordinated temporally, both during prenatal and postnatal development, in order to achieve a significant level of chondrocytes proliferation prior to hypertrophic transformation.
Development of Articular Cartilage and Synovial Joints
Native cartilage development shows clear temporal dependency of expression of various growth factors and ECM components, both in the growth plate and the articularepiphyseal growth cartilage. Synovial joints develop concomitantly with the skeletal elements that they articulate [70, 71] , in step-wise manner.
In the first step, called joint determination, skeletogenic cells are directed to the articular fate. These articular chondrocytes develop from articular progenitor cells, which originate from the same pool of mesenchymal cells as growth plate chondrocytes and osteoblasts They express Sox5/6/9 as do adjacent chondrogenic cells, but they also express the genes for TGF-β receptor-2 (TGFβr2), Wnt canonical ligands (Wnt4, Wnt9a/14, and Wnt16), and growth differentiation factor-5 (GDF5) [72, 73] . The TGFβr2/Wnt/GDF5 signaling cascade is required and sufficient to coax articular progenitors to the definite articular fate [74, 75] . The effect of this signaling cascade is the formation of presumptive joint regions called interzones that are composed of highly condensed cells, among which the precursors of non-cartilaginous tissues down-regulate expression of Sox5/6/9 [76] .
In the next step, joint morphogenesis, articular cells differentiate and develop into joint structures [77] .
No matter what the location or stage of development, chondrocytes in growth cartilage are arranged in morphologically distinct zones [17] , with stratification that reflects the temporal gradients in cell differentiation. Another temporal effect is that cartilage within growth plate disappears at the time of adolescence [62, 78] . Fully formed AC is structurally divided into three zones, each with a specific cellular morphology and arrangement of the type II collagen fibers (Fig. 2) . Chondrocytes in the superficial or tangential zone are small and flat, with collagen fibrils arranged parallel to the surface. In the other zones, chondrocytes maintain a characteristic round shape.
The intermediate or transitional zone is the thickest and composed of proliferating cells. In this region, the collagen fibers are less organized, but are typically in a tilted orientation relative to the surface. In the deep basal or radial zone, chondrocytes and collagen fibers are oriented in vertical columns perpendicular to the surface [79] (Fig. 2) . The deep layer of cartilage also contains more proteoglycans [80] . Such matrix organization results in different mechanical properties. The combination of the layers is what provides cartilage its unique mechanical properties and overall functionality as a smooth, lubricating surface that absorbs and transmits mechanical forces [80] .
The main structural feature of the AC is the hyaline component, characterized by its glassy appearance when viewed under polarized light microscopy. The noncollagenous fraction of the cartilage is composed of the proteoglycans, link protein, and interfibrillar proteins like COMP or decorin. Aggrecan accounts for about 90% of the proteoglycan content, and the rest is comprised of fibromodulin, lumican, biglycan, and perlecan [61] . The interface of AC and subchondral bone is bridged by calcified cartilage, which is separated from the hyaline tissue by a proteoglycan-depleted tidemark [81] .
Biomimetic Approach to Cartilage Tissue Engineering Using Stem Cells
Tissue engineering strategies that aim to recapitulate some temporal aspects of native AC development, may be more Transitional zone (Zone II) is composed of proliferating spherical chondrocytes, less strongly bound in the ECM with collagen fibers oriented slightly perpendicularly to the surface. In the thickest, deep radial zone (Zone III), chondrocytes are the largest, with hypertrophic phenotype and usually arranged in lacunae larger than in the previous zone. Both chondrocytes and collagen fibers are oriented in vertical columns perpendicular to the subchondral plate. Below are the tidemark, a basophilic line which straddles the boundary between calcified and uncalcified cartilage; calcified cartilage where the chondrocytes undergo apoptosis and the subchondral bone successful than those that disregard the temporal control of tissue formation. To estimate the level of recapitulation that has been achieved so far, we begin with a comparison of studies that engineer AC from chondrocytes [82] and from human MSCs (hMSCs) [11, 83] . Cartilage engineered from chondrocytes typically demonstrates a fibrocartilage phenotype, while MSC-derived cartilaginous cells are less likely to dedifferentiate into the fibroblast-like phenotype when expanded in vitro [84] . However, despite the demonstrated potential of MSCs for chondrogenic differentiation, the long-term efficacy of MSC-engineered cartilage has not yet been established. In one study, cartilage engineered from MSCs formed less matrix with lower mechanical properties than that engineered from chondrocytes [83] , but in another study, MSC-engineered cartilage was superior [85] . The source of MSCs (bone marrow, adipose, etc.) and the seeding density can also affect the quality of engineered cartilage [86] .
A study investigated the chondrogenic differentiation of hMSCs in alginate gel discs at four distinct time points ranging from 0 to 24 days, using traditionally defined markers as well as global gene expression profiles [7] . Time-dependent accumulations of glycosaminoglycans (GAGs), aggrecan, and type II collagen were observed in constructs maintained in serum-free chondrogenic media, but not in media supplemented with fetal bovine serum. Gene expression profiles demonstrated a characteristic temporal pattern of chondrogenic markers with four distinct stages. Gene profiles at stages III and IV were analogous to those in juvenile chondrocytes. Gene ontology analyses demonstrated a specific expression pattern of several putative novel marker genes [7] . Interestingly, when donor-matched hMSCs and chondrocytes were maintained under identical chondrogenic conditions in 3D culture in vitro, differences were observed in transcriptional profiles, mechanical properties and matrix deposition [87] . Using microarray analysis, 324 genes were identified as misexpressed during chondrogenesis. These findings suggest that MSCs can be induced to undergo chondrogenic differentiation, but that they produce cartilage that is at best similar to fetal cartilage, albeit with a significant degree of gene mis-expression. Although MSCs reach the stage of juvenile chondrocytes, which would be equivalent to stage II in the native cartilage development described in Fig. 1 , they cannot progress into full differentiation (stage III) of native development. Although the mechanical and biochemical properties of engineered cartilage constructs improve with duration in culture, values for MSCengineered tissues usually plateau around day 28 of culture in most protocols and remain low [7, 11] .
A meritorious 8-week long study was performed by Erickson et al. [12] to compare MSC-seeded vs. chondrocyte-seeded hydrogels. Mechanical properties, measured biweekly in unconfined compression to determine equilibrium and dynamic material properties. This study has established that on day 56, the final day of culture, the equilibrium (Young's) modulus (E Y ) and dynamic (G*) modulus for chondrocyte-seeded agarose constructs were~170kPa and~1 MPa, respectively, while the corresponding values for the MSC-seeded agarose constructs were E Y~1 00kPa and G*~0.15 MPa. In comparison, the value of the Young's modulus for native cartilage is in the range of 0.45 to 0.80 MPa [88] .
Erickson et al. have also characterized the associated biochemical and histological construct properties. They reported that the final (day 56) chondrocyte-seeded agarose constructs contained~1800 μg of sGAG and 1200 μg of collagen, while MSC-seeded agarose constructs at the same time point had s-GAG content of~1500 μg and collageñ 700 μg. E Y and G* were then correlated to the concentration (as a percentage of wet weight) of s-GAG and collagen in each construct for each cell type [12] . For both E Y and G*, the correlations for the MSC-laden constructs were less strong than those obtained for chondrocyte-laden constructs (p<0.05) [12] .
Another study documented inferior biochemical composition of matrix proteins in hMSC-engineered cartilage when compared to adult and fetal cartilage [11] by reporting the contents of GAG (in μg/mg dry weight) for adult, fetal and MSC-engineered cartilage of~170,~470 and~70, respectively. The corresponding contents of type II collagen (in μg/mg dry weight) were:~470,~250 and 15, respectively [11] . Evidently, we have not yet succeeded in recapitulating temporal changes in gene expression during engineered cartilage formation. This is confirmed by the lack of a mature chondrocyte phenotype in engineered constructs. MSC-based constructs for cartilage regeneration have yet to achieve functional properties approaching that of the native tissue, or even that of chondrocyte-based constructs cultured identically [87] . The failure of traditional tissue engineering protocols using stem cells may be the lack of focus on the crucial temporal aspects of chondrogenesis.
Stem Cells for Cartilage Tissue Engineering
Human Embryonic Stem Cells (hESCs) and Embryonic Germ Cells (hEGCs) hESCs and hEGCs have also been manipulated towards chondrogenesis [89] [90] [91] [92] and the formation of cartilaginous tissues [93, 94] (Fig. 3) . Cell lines with long-term and robust proliferation have been selected and generated from embryoid bodies (EBs) [95, 96] . However, the fraction of chondrocytes arising from spontaneous differentiation of EBs in vitro is very low [89, 93] . Kim et al. have described for the first time in vitro musculoskeletal differentiation of cells derived from EBs [97] . These cells were clustered into pellets to mimic the mesenchymal condensation process during limb development. Differentiated cells showed upregulation of a numerous musculoskeletal genes, but did not assemble tissue specific matrix, although pellets treated with TGFβ3 did exhibit a time-dependent increase in collagen and proteoglycan production.
Self-aggregation, a process that mimics the pre-cartilage condensation stage in native embryonic development, enhanced chondrogenic differentiation to the extent that homogenous hyaline cartilage could be generated after 63 population doublings [98] . The cells were also found to differentiate when delivered in vivo using scaffolds. These data confirm that mesenchymal cell condensation is a major event in the commitment of stem cells to the chondrogenic lineage (Fig. 1) .
It appears likely that in order to increase the efficiency of chondrogenesis from hESCs one must direct differentiation of hESCs first into the MSC-like phenotype and allow mesenchymal cell condensation (precartilage condensation) to take place. This strategy is supported by step-wise protocols to achieve MSC differentiation and then chondrogenesis. To date, several reports have described the derivation of MSCs from hESCs for subsequent chondrogenic differentiation and cartilage tissue engineering [99] [100] [101] [102] . The implanted hESC-derived mesenchymal cells gave rise to homogeneous, well-differentiated tissues exclusively of mesenchymal origin and without teratoma formation [103] . This approach of directed differentiation of hECSs into MSCs prior to initiating chondrogenesis is becoming state-of-the-art method in cartilage tissue engineering (Fig. 3) .
Recent studies indicate that the chondrogenic phenotype can be induced by avoiding EB formation [104] and by dissociating cells from the EBs and then utilizing aggregation to stimulate chondrogenesis [105] . Nakagawa et al. used a direct hESC plating method to avoid EB formation followed by cultivation of hESCs in a pellet culture system for 14 days in chondrogenic medium with or without TGF-β, and reported increased expression of the genes for aggrecan and collagen II, and increased GAG levels [106] . Cartilage constructs engineered using cells that were enzymatically dissociated from EBs outperformed constructs based on EBs, by demonstrating greater production of collagen-and GAG-rich matrix and higher instantaneous modulus [90] . These findings indicate once again that selfaggregation of individual cells is important for the process of in vitro chondrogenesis, consistent with the developmental steps observed in native chondrogenesis ( Fig. 1-stage I) .
After it was recognized that hESCs must go through the stage of aggregation and condensation in order to achieve efficient chondrogenesis [91] , various protocols were reported to differentiate hESCs toward multipotent mesenchymal cell lineages and then chondrocytes by using supplemental factors [89, 92, 96, 107] , co-culturing with chondrocytes [108] [109] [110] and immature chondroprogenitors [111] , or using pellet culture [112] [113] [114] [115] [116] . However, none of these methods achieved high yields of chondrocytes. Significant improvement was achieved with step-wise (directed) differentiation of hESCs [117] through the primitive streak-mesendoderm (step I) and mesoderm intermediates (step II) to a chondrocyte population (step III). This protocol took advantage of the temporal pattern of marker gene expression, recapitulating de facto the steps of in vivo chondrogenesis. The established timeline for directed differentiation of hESC was 1-4 days of differentiation for step I, 5-9 days for step II and 9-14 days for step III [117] .
Yamashita et al. attempted to recapitulate the five-stage process of endochondral ossification starting from mouse ESCs [94] : (1) Cell condensation and aggregate formation (days 0-5), (2) Differentiation into chondrocytes and fibril formation within spherical aggregates (day 5-15), (3) Deposition of cartilaginous ECM and cartilage formation (day 15-30), (4) Apoptosis, hypertrophy and/or degradation of cartilage (day 3-40), and (5) Bone formation (day [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . This approach to bone engineering through endochondral ossification, in which ESCs first deposit cartilage to serve as a template for ossification, is lately gaining attention in the field of skeletal tissue engineering [93] . Ever since Takahashi and Yamanaka showed for the first time that ectopic expression of a defined set of genetic factors (Oct3/4, Sox2, Klf4, c-Myc) can reprogram somatic cells to induced pluripotent stem (iPS) cells resembling hESCs [118] (Fig. 3) , iPS cells have become a highly investigated topic in all areas of regenerative medicine and tissue engineering. Human iPS cells were derived from fetal neural stem (FNS) cells by transfection with a polycistronic plasmid vector carrying the mouse Oct4, Sox2, Klf4, and cMyc genes or a plasmid expressing the human OCT4 gene, and directed these cells to form cartilaginous tissue in vitro [119] . Another study investigated induction of mesenchymal progenitor cells with chondrogenic properties from mouse iPS cells [120] , and suggested that it is advantageous to induce iPS cells to differentiate first into mesenchymal cells prior to initiating chondrogenic differentiation, (Fig. 3) .
Precartilage mesenchymal condensation may prove to be crucial for the recapitulation of the native cartilage development and needs to be investigated in more detail. At this point, iPS cells do not present an established cell source for articular cartilage engineering. As long as the cMyc and Klf4 transgenes are present in the induced cells, it is possible that these cells may eventually become tumorigenic. To reduce this risk, c-Myc and Klf4 constructs should be transiently expressed to induce pluripotency and eliminated after a sufficient number of induced cells are produced.
Mesenchymal Stem Cells (MSCs)
The proliferation and chondrogenic capacity of hMSCs makes them an attractive cell source for cartilage tissue engineering (Fig. 3) . hMSCs have been isolated from bone marrow [121] , adipose tissue [122] [123] [124] , synovial membrane [125] , trabecular bone [48, 126] , and umbilical cord [127] . Chondrogenic differentiation can be stimulated via various protocols such as the supplementation of soluble growth factors, optimization of the 3D microenvironment, mechanical stimulation, and transfer of chondrogenic genes [8, 9, 12, 128] . However, only recently has the need to incorporate the temporal aspect into differentiation protocols been recognized. Current procotols can induce differentiation of MSCs into juvenile chondrocytes (stage II in the native cartilage development), but cannot accommodate progression to full differentiation.
Another recent study compared cartilage engineered from hMSCs, adipose-derived mesenchymal stem cells (hASCs), and dedifferentiated chondrocytes (C28/I2 line). All cells were transfected with the Sox5/6/9 genes (Sox Trio) and encapsulated in fibrin hydrogel to evaluate the chondrogenic potential in vitro and in vivo [9] . Chondrogenic genes and proteins were more highly expressed in Sox Trio-expressing cells than in untransfected cells. However, there were differences in the expression of specific genes (aggrecan, collagen II, COMP, Sox9) detected in vitro among the three types of cells, possibly due to the different developmental levels of the cells prior to Sox Trio transfection. Similar results were obtained in vivo, except that transfected hASCs did not express chondrogenic markers, again highlighting differences among the cell types. During development, Sox genes turn on/off at different stages, and this temporal sensitivity of gene expression should be taken into account in transfection studies.
It is also important to analyze functional markers of cartilage formation in addition to gene expression profiles. Some studies that claim to achieve successful differentiation of hMSCs into mature chondrocytes have not examined the ECM composition and mechanical properties with comparison to native cartilage [9] . Hence, the evidence of full differentiation of MSCs to mature chondrocytes is still inconclusive.
Once full differentiation is achieved, another aspect to consider will be to preserve fully differentiated chondrocytes from progressing to hypertrophy (i.e. stage IV). Several factors have been identified that might serve such a function. For example, the non-canonical Wnt5b factor has been shown to inhibit chondrocyte hypertrophy and expression of type X collagen [129] . Also, the expression of Sox5/6/9 could be down-regulated at this stage to mimic the behavior of cartilaginous precursors in vivo [76] .
Timing of Exposure to Growth Factors in Cartilage Tissue Engineering
The sequential addition of growth factors to cell culture medium has been useful in stimulating chondrogenesis of chondrocytes or stem cells in vitro (Fig. 4) . The addition of growth factors in a sequence similar to native development, e.g. basic FGF (bFGF) or FGF2 followed by BMP2 or IGF1, TGFβ2 or TGFβ3 (Fig. 1) , increased proliferation and subsequent chondrogenic differentiation [130] [131] [132] [133] [134] [135] . Similarly, exposure of chondrocytes seeded in agarose gels to TGFβ3 for 2 weeks followed by unsupplemented culture medium resulted in enhanced cartilage formation and mechanical properties compared to prolonged exposure to TGFβ3 [136] . The exposure of MSCs in poly(ethylene glycol) (PEG) hydrogels to TGFβ1 for just 7 days resulted in enhanced proteoglycan production compared to prolonged culture, but decreased collagen production [137] . These data emphasize the importance of controlled duration of growth factor application. Because various factors in native development switch on and off at different stages, understanding of these temporal changes is crucial for their utilization in tissue engineering (Fig. 4) .
The stage of MSC differentiation at which the growth factor is added also affects chondrogenesis. The prolonged exposure of MSCs in pellet culture to FGF2 caused a reduction in GAG production relative to unsupplemented culture medium, but a slight increase in GAG deposition was observed when it was added at day 21 of culture [138] . The addition of FGF9 at early stages of differentiation (days [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] resulted in an increase in GAG deposition, but prolonged FGF9 caused a decrease in GAG deposition [138] . This temporal profile matches that seen in development where FGF9 is predominantly secreted during early stages of differentiation (stage II) (Fig. 1) . The addition of parathyroid hormone-related peptide (PTHrP) to MSCs and ASCs after 2-weeks of chondrogenic differentiation increased ECM production and decreased cell hypertrophy [139] . This effect is consistent with the native development, where PTHrP exerts its pro-chondrogenic effects at the later stages of development (stage III and IV) (Fig. 1) .
Controlled release of cytokines from hydrogels or scaffolds has been utilized to continuously expose cells to stimulatory growth factors in vivo (Fig. 4) . The temporal release profile affects the chondrogenic response [140] [141] [142] . For example, a slower rate can prolong the biological activity of a drug or growth factor [140] , but a rate that is too slow may result in an ineffective daily dose [141] . Interestingly, the sequential release of TGFβ1 followed by IGF1, which is observed in chondrogenic differentiation of MSCs, did not result in enhanced cartilage repair in an osteochondral defect in rabbits compared to the delivery of IGF1 alone [143] . These results highlight the need to carefully evaluate the effects of release kinetics on cartilage repair.
The rate of hydrogel degradation also affects cartilage formation (Fig. 4) . The hydrogels must degrade at a sufficient rate to allow matrix elaboration while maintaining support for seeded cells and retention of synthesized proteins [144, 145] . The degradation of hydrogels can be coupled to cartilage formation by incorporating linkages that are selectively degradable by cartilage-specific enzymes such as matrix metalloproteinases (MMPs) which have temporally defined expression in native development, so that degradation is concomitant with matrix evolution [146] . After determining that the expression of MMP-7 coincides with differentiation of hMSCs to chondrocytes, Bahney et al. designed poly(ethylene glycol) (PEG) hydro- Fig. 4 Proposed steps in the biomimetic protocol for cartilage tissue engineering:
Step 1: Directed differentiation of hESCs or iPS into MSCs-like cells (if the starting cell type is already MSC-like then this step is to be omitted).
Step 2: Molecular stimulation of proliferation where MSC-like cells should be induced to undergo aggregation and subsequent condensation and determination. Starting with Step 2, the cells should be in 3D environment i.e. in hydrogels or scaffolds to achieve the most similar native-like physical environment.
Step 3:
The cells are presumably at the level of immature chondrocytes, and molecular induction of full chondrogenesis should be implemented.
Step 4: Mechanical stimulation.
Step 5: Hydrogel degradation (see details in text).
Step 6: Long-term mechanical conditioning gels crosslinked with MMP7-sensitive peptides [147] . After 12 weeks in vitro, the engineered cartilage in these hydrogels achieved a higher dynamic modulus than nondegrading controls, despite lower GAG contents, suggesting that the structure of the engineered cartilage was more functionally similar to native cartilage. The degradation of PEG-based hydrogels that are crosslinked with photolabile moieties can be controlled by the external application of light [148] . The adhesive peptide RGDS, a component of fibronectin, was incorporated into the PEG hydrogels and released after 10 days by the application of light, a temporal expression profile that matches the expression of fibronectin by MSCs during development (Fig. 1) . Encapsulated MSCs produced a four-fold higher level of matrix components than MSCs encapsulated in hydrogels with persistently-expressed RGDS.
Temporal Aspects of Mechanical Stimulation
Mechanotransduction, the translation of mechanical stimuli into cellular responses, is important in cartilage tissue homeostasis [149] [150] [151] . Mechanical stimulation applied at physiological strains and frequencies to chondrocytes and stem cells can result in increased chondrogenesis. While static loading generally inhibits chondrogenesis [152] [153] [154] [155] [156] , the effects of dynamic loading on cartilage formation are more complex. The response of chondrogenic cells can be affected by the magnitude, frequency, duration, and timing of initiation of dynamic loading cycles [153, [157] [158] [159] [160] . Both the catabolic and anabolic effects of mechanical stimulation on chondrocytes contribute to matrix synthesis and remodeling [149, 159, 161, 162] .
Mechanical stimuli were shown to contribute to chondrogenesis in the developing embryo [163, 164] . Dynamic loading of MSC-laden gels in vitro increases chondrogenic gene expression through the TGFβ signaling pathway [157, [165] [166] [167] [168] [169] [170] [171] . It seems important to follow a native-like pattern of growth factor addition and mechanical stimulation. For immature chondrocytes, stimulation with growth factors followed by mechanical stimulation (while discontinuing growth factor application) proved to be most efficient as indicated by the study of Lima et al. where the sequential application of TGFβ3 and dynamic loading was shown to enhance cartilage formation in immature chondrocytesseeded gels [172] . In this study, Lima et al. report that the sequential application of physiologic deformational loading after culturing with the growth factor TGFβ3 (for 2-3 weeks) yielded significantly stiffer chondrocyte-seeded agarose constructs than cultures in which deformational loading was applied during the initial 2-3 week TGFβ3 exposure period. Using this culture protocol, engineered constructs were found to reach Young's modulus and GAG levels similar to that of native (parent) articular cartilage after only 42 days of culture.
Taking into account that TGFβ3 secretion has temporally defined profile in native development, as described earlier (Fig. 1) , it is not surprising that the protocol that employed defined sequences of TGFβ3 application and subsequent mechanical stimulation, in a biomimetic setting, yielded more functional engineered cartilage than the simultaneous application protocol. It is also important to emphasize that Lima et al. used immature chondrocytes, most likely in the Stage II of the developmental sequence described earlier (Fig. 1) , which are most responsive to TGFβ application.
Consistent with previous findings, long-term dynamic loading initiated soon after MSC encapsulation in the presence of TGFβ3 reduced the mechanical properties of constructs compared to free-swelling controls [173] . Loading initiated before chondrogenesis decreased functional maturation of MSC-based constructs, although chondrogenic gene expression increased. In contrast, loading initiated after chondrogenesis and matrix elaboration further improved the mechanical properties of MSC-based constructs, but only when TGFβ3 levels were maintained and under specific loading parameters [160] . Although matrix quantity was not affected by dynamic compression, matrix distribution was significantly improved on the micro-(pericellular) and macro-(bulk construct) scales. These results demonstrate that dynamic compressive loading initiated after a sufficient period of chondroinduction and with sustained TGF-β exposure can enhance matrix distribution and the mechanical properties of MSC-seeded constructs [160] .
In early cartilage development, cells are not subjected immediately to strong deformational loading, they first have to undergo several stages of differentiation influenced by different growth and differentiation factors. The nuclei of undifferentiated stem cells deform more readily than that of differentiated cells [174] , which contributes to the fact that the differentiation status of MSCs plays a role in how these cells perceive external mechanical stimulation. Cellmatrix interactions may also affect load-induced response. Agarose, one of the commonly used hydrogels for chondrogenic cell-seeded constructs, is an inert material, so cell-matrix interactions only emerge as MSCs differentiate and generate local ECM [160] . With matrix elaboration, the physical environment of the cells under dynamic compression is also altered [175] . As construct composition shifts to a denser, cartilage-like matrix of proteoglycans and collagen and permeability decreases, the stresses induced by dynamic compression are higher and largely borne through fluid pressurization [176] .
In order to develop a biomimetic approach for stem cellbased cartilage engineering, we believe that directed, step-wise protocols should be implemented. We suggest that
Step 1 should comprise directed differentiation of hESCs or iPS cells into MSCs-like cells (if the starting cell type is already MSC-like then this step is to be omitted) (Fig. 4) .
Step 2 entails molecular stimulation of proliferation where MSC-like cells should be induced to undergo aggregation (Stage I of native development) and subsequent condensation and determination (Stage II) (Fig. 4) . Starting with Step 2, the cells should be in a scaffold providing a native-like 3D environment (Fig. 4) . At Step 3, the cells are presumably at the level of immature chondrocytes, and molecular induction of full chondrogenesis should be implemented (Fig. 4) . This should lead to the acquisition of cells of a phenotype similar to those in Stage III of native development. This step is followed by mechanical stimulation (Step 4) (Fig. 4) . As described earlier, recent findings allowed for formation of tunable hydrogels in which degradation of hydrogel can be coupled to cartilage formation by incorporating linkages that are selectively degradable by cartilage-specific enzymes such as MMPs or by extrinsic factors such as light.
Step 5 in our proposed temporally-defined biomimetic protocol would comprise carefully controlled hydrogel degradation (Fig. 4). Step 6 should theoretically comprise long-term mechanical conditioning to result in the development of functional engineered cartilage (Fig. 4) .
Currently, cartilage tissue with mechanical properties approaching those of native tissue has been engineered from immature and mature chondrocytes [158, 172] , but not from stem cells. In order to improve the efficiency of stem cell-based cartilage engineering, the application of growth factors has to be performed in strictly temporally controlled manner coordinated with mechanical stimulation. In practice, this implies pre-culture time when growth factors will be applied prior to dynamic compression of MSC-or ESC-based constructs [165, 168] . Such an approach will allow the cells to reach the differentiation level of immature chondrocytes (stage II in native development), which is appropriate for the start of mechanical stimulation.
New Perspective Targets for Temporal Modulation in Cartilage Engineering
Adult articular cartilage is a physiologically hypoxic tissue with a gradient of oxygen tension ranging from <10% at the cartilage surface to <1% in the deepest layers [178] . In contrast, the growth plate contains three different components: cartilage subdivided into various histological zones, a bony component (metaphysis), and a fibrous compartment surrounding the periphery of the plate, each with its distinct vascular pattern and oxygen concentration profile [177] .
Within the cartilage component, the proliferative zone is highly vascularized supplying the cells with nutrients for cell division and matrix production. The oxygen tension within this zone is approximately 7.5%. In contrast, oxygen concentrations within the avascular hypertrophic zone of the cartilage component are only approximately 3.2% [177] . Oxygen tension gradients may play a crucial role during the formation of the tissue and hence should be taken into account when designing protocols for cartilage tissue engineering, not only concerning the oxygen tension but also the spatial and temporal profile of gradient formation.
Lewis at al [179] have presented a mathematical model that describes the interaction between the spatially and temporally evolving oxygen profiles and cell distributions within tissue-engineered cartilaginous constructs at the early stages of development. Theoretical predictions for oxygen and cell distributions were compared with experimental data, to determine that at low cell densities the oxygen profile tends to be spatially uniform, such that proliferation is uniform in space and exponential in time. However, as the cell population increases, the oxygen consumption rate increases, causing a gradient in oxygen tension to form and creating regions of low oxygen concentrations. The steepness of the oxygen gradient is further enhanced as the cells continue to proliferate in the peripheral regions relatively rich in oxygen. Interestingly, cellscaffold constructs that rely solely on diffusion for their supply of oxygen will always produce proliferationdominated regions near the outer edge of the scaffold, leading to inhomogeneous cell distribution within the construct.
This study only considered the early stages of tissue growth in engineered scaffolds (the first 14 days), while Malda et al. [180] collected similar data extending to 41 days. At the beginning of in vitro culture, the oxygen gradients were steeper in constructs than in native tissue, and gradually approached native tissue over the course of culture. A mathematical model was developed to yield oxygen profiles within cartilage explants and tissueengineered constructs. Using such mathematical models to predict local oxygen tensions in tissue-engineered cartilage constructs is one way to mitigate oxygen gradients that may otherwise influence the cell distribution and differentiation within the construct.
We propose that cartilage engineering should not be focused on avoidance but rather on establishment of control over formation of the oxygen gradients, because oxygen gradients are present in native tissue and during embryonic development. The oxygen gradients could be minimized by several factors. These factors include a less tortuous and more open scaffold geometry [177] and enhancement of the nutrient exchange by dynamic culturing techniques [181, 182] or applying mechanical forces to the construct [183, 184] .
Given that normal articular cartilage is hypoxic, chondrocytes have a specific and adapted response to low oxygen environment. Adaptation to hypoxia is controlled by the oxygen-sensitive master transcription factor hypoxia-inducible factor 1 (HIF-1) [185] . In general, it has been found that low oxygen tension induces the production of cartilage specific components such as collagen type II and proteoglycans and slows down agerelated changes of composition and structure of the ECM, whereas hyperoxia disturbs the chondrocyte metabolism and inhibits the production of proteoglycans [177] .
It has been established that hypoxia enhances chondrogenic differentiation of mesenchymal stem cells (MSCs) [186] [187] [188] . It was suggested that hypoxia, like cell aggregation and TGF-β delivery, may be crucial for complete chondrogenesis [189] . The use of micropellets reduced the formation of oxygen gradients within the aggregates, resulting in a more homogeneous and controlled microenvironment. Numerous studies are being conducted to optimize the oxygen culture conditions in cartilage tissue engineering using both chondrocytes and MSCs. We advise the reader to address relevant reviews by Murphy et al. and Lafont. [185, 186] .
Recent studies expolored the utilization of microRNAs (miRNAs) for the control of oxygen tension gradients in cartilage tissue engineering. Adaptation to hypoxia is an essential cellular response controlled by hypoxia-inducible factor 1 (HIF-1). HIF-1 expression is also controlled by specific miRNAs and, in turn, controls the expression of other miRNAs, which fine-tune adaptation to low oxygen tension [190] . However, miRNAs are not only involved in oxygen-related mechanisms, but are biological signals that can be used for directing chondrogenic differentiation in engineered constructs. MicroRNAs (miRNAs) are a class of small, 21-25nt in length, noncoding RNAs that can mediate the function of mRNAs in translating a protein via their target region. Most miRNAs are specifically targeted toward particular mRNAs, therefore, the regulation of these mRNAs is very specific as well. While only a select number of miRNA targets has been identified, the use of miRNAs was show to enhance direct cellular function [191] .
A very informative review article on osteo-chondral differentiation from stem cells with focus on phenotype acquisition regulated by microRNAs, suggest that a successful approach to engineering replacement of bone and cartilage maybe to target a set of microRNAs using precursor miRNA (pre-miRNAs) and/or chemically engineered oligonucleotides used to silence endogenous microRNAs (antago-miRNAs) modulating selected transcription factors into polycistronic vector constructs to ensure acquisition of proper characteristics of engineered osteoblasts or chondrocytes [192] .
Another study investigated miRNA expression profiles in the different zones of articular cartilage as well as between regions subjected to different levels of weightbearing stresses [193] . Two miRNAs as part of a subset of differentially expressed miRNA that were up-regulated in articular cartilage in the greater weight-bearing location. Additionally, three other miRNAs were down-regulated in monolayers of chondrocytes as compared with levelwere identified s determined directly from intact native cartilage. Taken together, these data implicate miRNA in the maintenance of articular cartilage homeostasis and are therefore targets for articular cartilage tissue engineering and regenerative medicine.
We believe that one of the avenues for further investigation in cartilage tissue engineering can be temporal modulation of the delivery of microRNA and/or premiRNAs and antago-miRNAs. In this context, it is of interest to review a study that identified microRNA profiles of rat articular cartilage at different developmental stages [194] . Three small RNA libraries were constructed from the femoral head cartilage of Sprague-Dawley rats at postnatal day 0, day 21 and day 42 and sequenced by a deep sequencing approach. Then a bioinformatics approach was employed to distinguish genuine miRNAs from small RNAs represented in the mass sequencing data.
Forty-six, fifty-two and fifty-six miRNA genes were identified from three small RNA libraries, respectively, and 86 novel miRNA candidate genes were found simultaneously. In addition, 23 known miRNAs were up-regulated and six were down-regulated during articular cartilage development. The predicted targets of differentially expressed miRNAs were locally secreted factors and transcription factors that regulate proliferation and differentiation of chondrocytes. These data indicate that miRNAs are differentially expressed in chondrocytes at different developmental stages [194] .
Summary and Research Needs
The formation of complex functional tissues requires spatial and temporal control biophysical regulation of cell function. During development, different stages occur in regulated temporal gradients, which have effects on the complex intracellular phenomena as well as on the activation of various factors of the cellular microenvironment. The general approach in stem cell-based tissue engineering is to attempt to harness the cues detected in native tissue development in order to engineer a functional tissue that closely resembles the native one. The cells utilized in tissue engineering approach need to undergo a sequence of growth, differentiation and functional assembly in order to effectively reconstruct a native-like tissue (Fig. 4) . It is essential to have precisely defined temporal sequences for application of various cues for such processes to take place in a well-orchestrated manner.
Up to now, several notions from the native development have been utilized in cartilage engineering. The hESC are being clustered into pellets to mimic the mesenchymal condensation process during limb development and the approach of directed differentiation of hECSs and iPS into MSCs prior to initiating chondrogenesis is becoming stateof-the-art method in cartilage engineering, due to the established importance of MSC-like cell morphology and the mesenchymal precartilage condensation stage in the process of chondrogenesis (Fig. 3) . Furthermore, growth factor application in cartilage engineering protocols can be designed to follow the native development temporal profile.
Bioresponsive hydrogels tuned to chondrogenesis are being increasingly used in cartilage tissue engineering. Such "tuning" may be achieved by cartilage enzymesmediated biodegradation or externally induced photodegradation, both with the goal of temporal coordination between scaffold degradation and matrix deposition. Immature chondrocytes are first stimulated with growth factors followed by mechanical stimulation (while discontinuing growth factors) instead of simultaneous application and early start mechanical stimulation. Stem cell-seeded constructs are allowed to undergo extended pre-culture time when growth factors are applied prior to dynamic compression, in order to achieve sufficient degree of differentiation before mechanical stimulation. Long-term loading is implemented only after sufficient pre-culture time.
However, we have not yet succeeded in fully recapitulating temporal changes in gene expression during engineered cartilage formation, as evidenced by the lack of a mature chondrocyte-like phenotype in the engineered constructs. MSC-based constructs have yet to achieve functional properties approaching that of the native tissue, or even that of chondrocyte-based constructs cultured under identical conditions. Further progress will likely depend on determining combinations of biochemical and mechanical stimulation and more specific timing of their application at temporally appropriate stages of chondrogenic differentiation and cartilage tissue formation. New perspective targets for temporal modulation, such as oxygen tension and microRNAs should also be further investigated.
